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ABSTRACT  30 
The work describes the interactions of nanosilver (NAg) with bacterial cell envelope 31 
components at molecular level and how this associates with the reactive oxygen 32 
species (ROS)-mediated toxicity of the nanoparticle. Major structural changes were 33 
detected in cell envelope biomolecules as a result of damages in functional moieties, 34 
such as the saccharides, amides and phosphodiesters. NAg exposure disintegrates the 35 
glycan backbone in the major cell wall component peptidoglycan, causes complete 36 
breakdown of lipoteichoic acid as well as disrupting the phosphate-amine and fatty acid 37 
groups in phosphatidylethanolamine, a membrane phospholipid. Consistent with 38 
oxidative attacks, we propose that the observed cell envelope damages are inflicted, 39 
at least in part, by the reactive oxygen radicals being generated by the nanoparticle 40 
during its leaching process, abiotically, without cells. The cell envelope targeting, 41 
especially those on the inner membrane phospholipid, is likely to then trigger the rapid 42 
generation of lethal levels of cellular superoxide (O2) and hydroxyl (OH) radicals 43 
herein seen with a model bacterium. The present study provides a better understanding 44 
of the antibacterial mechanisms of NAg, whereby ROS generation could be both the 45 
cause and consequence of the toxicity, associated with the initial cell envelope 46 
targeting by the nanoparticle. 47 
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Advances in nanoparticle design and engineering have enabled incorporation of 58 
silver nanoparticle (NAg), an ultrafine less than 100 nm metallic or oxide silver in 59 
medical devices, such as in wound dressings and catheters, to prevent or treat 60 
established infections. The broad spectrum antimicrobial particle has also been 61 
increasingly found in consumer products and appliances, from clothing and water 62 
filters, to baby toys and refrigerators.1,2 In line with the commercialization, our 63 
understanding of the nanoparticle’s modes of antimicrobial action has indeed started 64 
to mature with many scholarly studies revealing the complex toxicity paradigms. In 65 
contrast to the single antimicrobial source of ionic silver (most commonly in the form of 66 
soluble silver salt, such as AgNO3), studies have found that both the soluble silver 67 
species that leaches out from NAg upon contact with aqueous environments, and the 68 
solid silver particulates that remain after leaching, contribute to the overall toxicity.3-6 69 
The extent of leaching is affected by the nanoparticle’s physicochemical 70 
characteristics, including its size.6 Though still a controversy, such size-dependent 71 
variation in the leaching behaviour is thought to be one of the major factors for the 72 
generally less potent micron-sized silver particles when compared to their nano-sized 73 
counterparts.7,8  74 
NAg exposure has been known to destabilize enzymes and structural proteins in 75 
bacteria due to the high affinity of the leached Ag(I) ion for amine and sulfur groups 76 
that are present in amino acid side chains.9,10 Studies have also observed DNA 77 
damage following exposure to the nanoparticle.11,12 A more detailed knowledge on 78 
NAg reactivity however, is required, in particular on the initial triggers of the 79 
antibacterial actions. Reports have documented ‘physical’ electron microscopy 80 
evidence of cell surface damage in bacteria and quite recently, a report on the 81 
disordered states of cell surface moieties in NAg-bacterial samples.13,14 Yet, only little 82 
is known on the nature of this cell surface disruption and equally important, its potential 83 
link to the cellular oxidative stress, which ultimately result in the growth inhibition and 84 
cell death effects.3,5,15 Despite being seen as one of the major toxicity paradigms of 85 
NAg, inquiries are still being raised in regard to the generation mechanisms of these 86 
reactive oxygen species as well as their toxic implications. 87 
Our work investigated NAg targeting of the bacterial cell envelope components, 88 
seeking to identify structural changes at a molecular level. For this purpose, we used 89 
the attenuated total reflectance – Fourier-transform infrared (ATR-FTIR) spectroscopy 90 
 
 
technique, which allows detection of specific chemical bond changes without the 91 
potentially destructive prior treatments of the biomolecules.16,17 The study also 92 
examined the generation of oxygen radicals by the nanoparticle, in the absence of 93 
cells, and intracellularly, with a model bacterium. Altogether, the analyses not only give 94 
insights into the cause and forms of the cell envelope attack, but also the process of 95 
oxygen radical generation inside the cells. Unlike molecular oxygen (O2), oxygen 96 
radical species, such as singlet oxygen (O2(1g)), superoxide (O2) and hydroxyl (OH) 97 
radicals, have an oxygen atom with an unpaired electron, rendering them unstable and 98 
chemically reactive. The detection and identification of cellular ROS is therefore 99 
challenging due to the very short nano to micro seconds half-lives of oxygen 100 
radicals.18,19 To overcome this, we used the electron paramagnetic resonance (EPR) 101 
spectroscopy coupled with a cell-permeable spin probing technique. The non-toxic spin 102 
probe is sensitive to the presence of cellular oxygen radicals, being oxidized to form 103 
the EPR-detectable nitroxides with half-life of several hours, even in biological 104 
environments.20,21 The work presented herein, deciphers the molecular intricacies 105 
surrounding the NAg-inflicted damage on the bacterial cell envelope and its association 106 
to the ROS generation.  107 
RESULTS AND DISCUSSION 108 
NAg effects on peptidoglycan. Peptidoglycan (PGN) is a mesh-like polymer 109 
moiety that is present in the cell wall structure of both Gram-positive and Gram-negative 110 
bacteria (Scheme 1). In Gram-positive bacteria, PGN forms the outermost layer of their 111 
cell wall, while in Gram-negative bacteria, it is present in the periplasmic space, 112 
between the outer and inner cytoplasmic membranes. Structurally, PGN is an 113 
alternating co-polymer of two sugar derivatives, N-acetylglucosamine (NAG) and N-114 
acetylmuramic acid (NAM), covalently linked by the β-(1,4)-glycosidic bond (Fig 1B). 115 
Attached to NAM is a four-to-five amino acid long peptide chain, depending on the type 116 
of bacteria. The sugar and amino acid constituents form a repeating structure, referred 117 
to as the glycan strand. The ATR-FTIR spectra of PGN are shown in Fig 1A (black 118 
spectra) with the band assignments summarized in Table 1. The presence of NAG and 119 
NAM sugar units correspond to the occurrence of IR spectral peaks at 1158 cm-1 (C-O 120 
stretching vibration of saccharides), 1062 cm-1 (C-O and C-C stretching vibration of 121 
saccharides) and 984 cm-1 (COH bending and C-O stretching vibration of saccharides). 122 
The presence of the peptide chain corresponds to the amide bands at ~3266 cm-1 123 
(amide A), ~3067 cm-1 (amide B), 1624 cm-1 (amide I) and 1531 cm-1 (amide II), 124 
 
 
although these may also correspond to amide groups that are present in the sugars. 125 
Note that the C-H bond peaks at 2962, 2928 and 2875 cm-1 refer to the hydrocarbon 126 
moieties in both the sugar and peptide chain units. The glycan strands are cross-linked 127 
via an interbridge peptide bond or glycine group (depending on the type of bacteria), 128 
connecting peptide chains from the different strands to form the overall PGN mesh-like 129 
structure (Fig 1B). The NAG-NAM glycosidic bond together with the cross-linking of the 130 
glycan strands in PGN provides the bacterial cell wall with rigidity in longitudinal and 131 
transverse direction, respectively. 132 
 133 
Figure 1. Peptidoglycan (PGN) exposure to NAg. (A) ATR-FTIR spectra (3670 – 2600 cm-1 134 
and 1850 – 800 cm-1 wavenumber) of PGN, PGN-water (to account for the potential effect of 135 
the aqueous exposure environment) and NAg-treated PGN. The spectra shown is a 136 
representative of two independent experiments. Refer to Fig S1 for the replicate spectra of this 137 
experiment. (B) Structural representation of PGN. The colours of the functional groups in (B) 138 
match the colours of assigned bands in (A). The PGN is from B. subtilis, with L-alanine, D-139 
glutamic acid, diaminopimelic acid and D-alanine composing the peptide chain. 140 
Upon exposure to NAg, changes in the PGN spectra were observed (Fig 1A, 141 
summarized in Table 2 are the corresponding changes in the molecular structure). We 142 
 
 
detected significant decrease of the ~3266 cm-1 amide A and ~3067 cm-1 amide B 143 
bands in the nanoparticle treated samples when compared to those of the PGN-only 144 
and PGN-water samples, indicating damage on the amide groups. Based on a circular 145 
dichroism spectroscopy work by Mirzajani et al., it is thought that these amide groups 146 
are those of the peptide chain, with the NAg exposure altering the secondary structure 147 
of the chain.22 We next observed the disappearance of the 1158, 1062 and 984 cm-1 148 
saccharide bands that form the NAG and NAM sugars, indicating disintegration of the 149 
glycan strands. This is in agreement with the reported release of muramic acid in 150 
bacterial samples following exposure to NAg.22 This disruption in PGN structure could 151 
be one of the causes for the formation of ‘pits’ in the cell wall that are frequently seen 152 
in electron microscopy images of NAg-treated Gram-positive and Gram-negative 153 
bacteria.14,22-24 PGN is designed to withstand the relatively high osmotic pressure (~20 154 
atmosphere) of the cytoplasm25 and impairment to its structure could result in cell lysis 155 
due to disturbance of the cytoplasm’s osmotic balance.26,27 156 
NAg effects on lipopolysaccharide. The amphiphilic polysaccharide (LPS) is a 157 
major component of the outer membrane of Gram-negative bacteria (Scheme 1). While 158 
the exact molecular structures of LPS vary among different species of bacteria, the 159 
main components are in general conserved, being composed of the lipid A, core region 160 
and O-antigen (Fig. 2B). Chains of fatty acids in lipid A are connected to the core region 161 
through amine groups of glucosamine phosphate moieties. Both the core region and 162 
O-antigen are polysaccharides. The hydrophobic lipid A is anchored to the inner leaflet 163 
of the outer membrane, while the hydrophilic O-antigen is exposed to the external 164 
environment.28-30 The presence of fatty acids in lipid A correspond to the occurrence of 165 
spectral peaks at 2955, 2919, 2851 cm-1 (C-H asymmetric stretching of CH3, C-H 166 
asymmetric and symmetric stretching of CH2 in fatty acids, respectively), 1734 cm-1 167 
(C=O stretching vibration of ester) and 1382, 1346, 1225 cm-1 (CH3 umbrella symmetric 168 
bending vibration in the lipids) (Fig 2A (black spectra), Table 1). The presence of 169 
glucosamine phosphates in lipid A correspond to the bands at 3263, 3088, 1645, 1560, 170 
975 cm-1 (amide A, amide B, amide I, amide II and C-N asymmetric stretching vibration, 171 
respectively), saccharide bands at 1136 cm-1 (C-O ring stretching), 1075, 1025 cm-1 172 
(C-O stretching, C-C stretching and COH bending), and 1061 cm-1 (C-O stretching, C-173 
C stretching), as well as phosphate band at 1208 cm-1 (P=O asymmetric stretching). 174 




Table 1. Assignment of the ATR-FTIR spectra of the bacterial cell envelope components 177 














cm-1   cm-1   cm-1   cm-1  
~3266 Amide A  3263 Amide A  3211 Amide A    
~3067 Amide B  3088 Amide B       
2962 νa(CH3)  2955 νa(CH3)     2955 νa(CH3) 
2928 νa(CH2)  2919 νa(CH2)  2924 νa(CH2)  2917 νa(CH2) 
2875 νs(CH3)        2871 νs(CH3) 
   2851 νs(CH2)  2854 νs(CH2)  2850 νs(CH2) 
   1734 ν(C=O) of 
ester 
 1741 ν(C=O) of ester  1732 v(C=O) of ester 
1624 Amide I  1645 Amide I  1638 Amine I 
(asymmetrical 
amine) 
 1640 Amine I 
1531 Amide II  1560 Amide II  1554 Amine II 
(symmetrical 
amine) 
 1579 Carboxylate 
stretching 
      1456 δa (CH3)  1467 δ(CH2) scissor in 
lipids 
1400 vs(C=O) of COOꟷ   1406 νs(COO
-)     1417 δ(α−CH2) scissoring 
mode attached to 
CO or PO 





 1375 δs(CH3) umbrella 
in lipids  
 1379 δs(CH3) umbrella in 
lipids 
   1346 
1225 
 




              1287 Amide III     
         1247 νa(P=O) of PO2- 
(phosphodiester) 
   1208 νa(P=O) of 
PO2-  
 1208 νa(P=O) of PO2- 
(phosphodiester) 
 1218  
1158 v(C-O) of 
saccharides 
 1136 ν(C-O) ring of 
saccharides 
    1177 νas (C-O-C) in esters 




 1009 ν(C-O), ν(C-C), 
δ(COH) of 
saccharides 
 1083 νs(P=O) of (PO2-) of 
phosphodiester 
   1025        
1062 v(C-O), v(C-C) of 
ring of saccharides 
 1061 v(C-O), v(C-
C) of ring of 
saccharides 
      
984 δ(COH),v(C-O) of 
saccharides 
 975 νa(C-N)   955 Ring of 
saccharides 
   




Unlike those seen with the PGN, we only detected mild effects of NAg exposure on 179 
LPS, with no major spectral changes (relative to the LPS-only and LPS-water samples). 180 
The 2955 cm-1 CH3 peak of the fatty acid chain was more intense (Fig 2A, black arrow, 181 
Table 2). The saccharide peak at 1075 cm-1 also slightly shifted to a lower wavenumber 182 
(2-4 cm-1, blue arrows in Fig 2A), indicating weakening of the C-O bonds in the 183 
saccharides. This bond weakening is thought to associate with the reported hydrogen 184 
bonding of LPS with NAg, most likely involving the hydrophilic O-antigen.28,35,36  185 
However, it is possible that this O-antigen-nanoparticle interaction does not significantly 186 
contribute to the overall toxicity of NAg. Gram-negative bacteria have been known to 187 
use their LPS polysaccharide elements, including those of the O-antigen as general 188 
mechanisms to interact and attach on solid surfaces in the environment.28,37 189 
Regardless, this hydrogen bonding could be one of the initial interactions of the 190 
bacterium with NAg. 191 
 192 
Figure 2. Lipopolysaccharide (LPS) exposure to NAg. (A) ATR-FTIR spectra (3670 – 2600 193 
cm-1 and 1850 – 800 cm-1 wavenumber) of LPS, LPS-water and NAg-treated LPS. Refer to 194 
Figure S2 for the replicate spectra of this experiment. (B) Structural representation of LPS. 195 
The colours of the functional groups in (B) match the colours of assigned bands in (A). The 196 
LPS is from E. coli. 197 
 
 
NAg effects on lipoteichoic acid. Lipoteichoic acid (LTA) is a cell wall molecule 198 
in Gram-positive bacteria (Scheme 1). LTA is an amphiphilic molecule, composed of 199 
the hydrophilic glycerophosphate moiety that covalently binds to the hydrophobic 200 
glycolipid via a phosphodiester bond (Fig 3B).28,29 The glycerophosphate unit is made 201 
of a phosphodiester ‘backbone’, which corresponds to the spectral peak at 1208 cm-1, 202 
assigned to P=O asymmetric stretching vibration of PO2- (Fig 3A (black spectra), Table 203 
1). Attached to the phosphodiester backbone are D-alanyl and/or glycosyl ‘side 204 
branches’ to varying degrees, depending on the species of the bacteria (D-alanine and 205 
acetylglucosamine in B. subtilis). The presence of the D-alanine branch corresponds to 206 
the spectral bands at 1638 and 1554 cm-1 (due to deformation of RNH3+ or RNH2) and 207 
1741 cm-1 (C=O stretching vibration of ester), while the presence of acetylglucosamine 208 
corresponds to the bands at 3211 cm-1 (amide A), 1009 cm-1 (C-O stretching, C-C 209 
stretching and COH bending of saccharides) and 955 cm-1 (ring of saccharides). Note 210 
that the saccharide bands could also correspond to the presence of oligosaccharides 211 
in the glycolipid. The glycolipid commonly consists of oligosaccharides of D-glucose 212 
with glycosidically bound 1,2-diacyl-sn-glycerol. The presence of lipid corresponds to 213 
the appearance of CH3 bending modes of lipid at 1456, 1375, and 1337 cm-1 as well as 214 
the 1741 cm-1 ester band. 215 
The nanoparticle exposure inflicted significant damage on the LTA molecule. First, 216 
for the glycerophosphate unit, we observed the disappearance of the 1208 cm-1 P=O 217 
peak of the phosphodiester backbone (relative to the LTA-only and LTA-water samples) 218 
(Fig 3A, Table 2), possibly due to the formation of P-O-NAg via ligand exchange.28,36,38 219 
We also observed the disappearance of the 1009 cm-1 saccharide and the 955 cm-1 220 
ring of saccharide bands, indicating disintegration of the saccharide components in the 221 
acetylglucosamine side branch, and also most likely, those in the glycolipid. The 3211 222 
cm-1 amide A band of the acetylglucosamine branch also disappeared. Damage to the 223 
D-alanine branch was also seen, with the disappearance of the 1638 and 1554 cm-1 224 
amine peaks. Finally, we observed the disappearance of the 1741 cm-1 C=O band of 225 
ester, which could refer to those present in both the D-alanine branch and the 1,2-226 
diacyl-sn-glycerol part of the glycolipid. Note that there was an appearance of a new 227 
peak at ⁓1500 cm-1, which could be assigned to any remaining presence of CH2 228 
hydrocarbon. To date, there are still controversies surrounding the exact functions of 229 
LTA, the molecule however, is thought to be essential for bacterial growth and as 230 
building blocks for metabolism.39 The observed complete breakdown of LTA is 231 
 
 
therefore likely to cause growth inhibition, a known effects of NAg on Gram-positive 232 
bacteria.3,40 233 
   234 
Figure 3. Lipoteichoic acid (LTA) exposure to NAg. (A) ATR-FTIR spectra (3670 – 2600 235 
cm-1 and 1850 – 800 cm-1 wavenumber) of LTA, LTA-water, NAg-treated LTA. Refer to Fig S3 236 
for the replicate spectra of this experiment. (B) Structural representation of LTA (adapted from 237 
Jiang et al. 2010) 28. The colours of the functional groups in (B) match the colours of assigned 238 
bands in (A). The LTA is from B. subtilis with D-alanine and acetylglucosamine as side 239 
branches. 240 
NAg effects on phosphatidylethanolamine. Phosphatidylethanolamine (PE) is 241 
one of the major phospholipids forming the general structure of the cytoplasmic (inner) 242 
membrane of both Gram-positive and Gram-negative bacteria, and the outer 243 
membrane of Gram-negative bacteria (Scheme 1). PE is an amphiphilic molecule with 244 
hydrophilic phosphate-amine ‘head’ and hydrophobic fatty acid ‘tail’ components (Fig 245 
4B).29,30 The presence of the phosphate head corresponds to the appearance of 246 
spectral peaks at 1247 (at 1218 cm-1 too) and 1083 cm-1, which are assigned to P=O 247 
asymmetric and symmetric stretching of PO2- of phosphodiester, respectively, as well 248 
 
 
as at 757 cm-1 to P-O-C symmetric stretching vibration, while the amine moiety 249 
corresponds to spectral bands at 1640 cm-1 (deformation of RNH3+ or RNH2) (Fig 4A 250 
(black spectra), Table 1). The presence of the fatty acid tail corresponds to the spectral 251 
peaks at 1732 and 1177 cm-1, which are assigned to C=O and C-O-C stretching 252 
vibration of ester, respectively, as well as bands at ~1500-1300 cm-1, which mainly 253 
associate with the C-H deformation of alkyl chains. This amphiphilic character of PE 254 
renders the membranes capable to act as a selective permeability barriers for the 255 
bacteria.41 256 
Based on the spectral changes (Fig 4A, Table 2), NAg is indicated to target the 257 
phosphate head of PE. A substantial reduction of the 1218 and 1083 cm-1 P=O peaks 258 
of phosphodiester and the 757 cm-1 (P-O-C) bands were detected (relative to the PE-259 
only and PE-water samples), and not surprisingly, the disappearance of the 1640 cm-1 260 
amine band, which could again result from the P-O-NAg.28,30 Damage to the phosphate 261 
head is thought to have caused the highly disordered states of the fatty acid tail, herein 262 
indicated by the appearance of multiple new peaks at the ~1370-1300 cm-1 alkyl chain 263 
region, as well as, the weakening of a peak at 3010 cm-1, the latter possibly refers to 264 
the oxidation of C=C bond. (Fig 4A).28,30 The disruptions in both the hydrophilic and 265 
hydrophobic components of PE suggest loss of its amphiphilic character, which could 266 
cause the membranes to lose their selective barrier function, leading to leakage. 267 
Studies have observed outflows of sugars and proteins from the cytoplasm following 268 
exposure of both Gram-positive and Gram-negative bacteria to NAg.23,42 The 269 
phospholipid targeting are also consistent with the membrane disarrays seen in NAg-270 




Figure 4. Phosphatidylethanolamine (PE) exposure to NAg. (A) ATR-FTIR spectra (3670 – 273 
2600 cm-1 and 1850 – 700 cm-1 wavenumber) of PE, PE-water, NAg-treated PE, also shown is 274 
a zoomed-in spectra at 1400 – 1300 cm-1 that correspond to the C-H deformation region. Refer 275 
to Fig S4 for the replicate spectra of this experiment. (B) Structural representation of PE. The 276 
colours of the functional groups in (B) match the colours of assigned bands in (A). The PE is 277 




   Table 2. NAg-induced structural changes in cell envelope molecules 280 
Wavenumber 
(cm-1 ) 
Spectral changes Changes in molecular structure 
Peptidoglycan 
~3266, ~3067  
(1:1 PGN to NAg 
mass ratio) 
Less intense amide A and amide B  
bands 
Modification of the amide groups of PGN, 
possibly the peptide chain22 
1158, 1062, 984  
(1:1) 
Disappearance of saccharide bands  
of NAG and NAM moieties 
Disintegration of glycan strands 
Lipopolysaccharide 
2955 (1:1) More intense CH3 peak Unclear changes in the fatty acid chain 
1075   
(1:0.06, 1:1) 
Shift of saccharide peak to lower 
wavenumber 
Weakening of C-O bond in the saccharides 
Lipoteichoic acid 
3211 (1:1) Disappearance of amide A peak Disintegration of the acetylglucosamine side 
branch 
1741, 1638, 1554 
(1:1) 
Disappearance of C=O band of ester,  
amine peaks 
Damages to the D-alanine side branch, the 
ester C=O bond could also refer to 1,2-diacyl-
sn-glycerol unit of the glycolipid 
1208 (1:1) Disappearance of P=O peak Disintegration of the phosphodiester 
backbone in  the glycerophosphate unit 
1009, 955 (1:1) Disappearance of saccharide peaks Disintegration of the saccharide groups in the 




1247, 1218, 1083 (1:1) 
757 (1:1) 
1640 (1:1) 
Less intense P=O peak 
Less intense P-O-C band 
Disappearance of amine band 
Disintegration of the phosphate-amine ‘head’ 
unit, including its phosphodiester groups  
~1370 – 1300 (1:1) 
3010 (1:1)  
Appearance of multiple new peaks (C-H) 
Less intense peak, possibly due to C=C 
oxidation 
Disordered state of the fatty acids ‘tail’ unit28,30 
Up to this stage, we have seen how NAg exposure alters and even disintegrates 281 
cell envelope functional units. NAg targets the glycan strands and peptide chains in 282 
peptidoglycan, the outermost layer of Gram-positive bacteria, while a thinner version 283 
also present in the periplasmic space of Gram-negative bacteria (Scheme 1). The 284 
nanoparticle also attacks both the phosphate-amine head and fatty acid tail of the major 285 
membrane phospholipid, phosphatidylethanolamine. In the case of Gram-negative 286 
bacteria, the phospholipid targeting also applies to those composing the outer 287 
membrane, although the present work did not find any major structural changes in 288 
 
 
lipopolysaccharide, a major component of Gram-negative outer membrane. NAg also 289 
damages lipoteichoic acid in Gram-positive bacteria. These cell envelope damages 290 
could be caused by oxidative attack. Nanoparticles of transition metals, including silver, 291 
have been indicated to be capable of ‘abiotic’ reactive oxygen species (ROS) 292 
generation, that is, in the absence of cells.43 We next investigated the generation of 293 
ROS induced by the nanoparticle, both in the absence of cells and inside cells, to gain 294 
insights into the potential link between the cell envelope attack and the stimulation of 295 
cellular oxidative stress. 296 
 297 
Scheme 1. NAg-inflicted structural damages on the Gram-positive and Gram-negative 298 
bacteria cell envelope moieties.  299 
Generation of oxygen radicals and the link with cell envelope targeting. Using 300 
EPR spectroscopy, we detected ROS signals in the NAg-only systems, with no cells 301 
(Fig 5A). These signals most likely correspond to the generation of superoxide radical 302 
(O2), to which the spin probe (CMH) has the highest affinity, as well as, possibly, to a 303 
lesser extent, the presence of hydroxyl (OH) and hydroperoxyl (HO2) radicals, the 304 
latter is the protonated form of O2.21,44 These oxygen radicals are thought to originate 305 
from the leaching process of the nanoparticle.3 Research inquiries have detected 306 
oxygen radical intermediates during NAg dissolution (Reaction 1),45,46 which has been 307 
suggested to be thermodynamically more favourable than the direct reduction of O2 to 308 
water.45,46 Studies have also suggested the formation of Ag3OH0 on the particulate 309 
 
 
surface during leaching, which is then oxidized in the presence of O2 to release Ag(I) 310 
ions and oxygen radicals (from dissociation of O2) (Reaction 2).46  311 
           𝑂2 + 𝐻
+
𝐴𝑔0 𝑠𝑙𝑜𝑤
→      𝐴𝑔+  + 𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒𝑠  
𝐴𝑔0 𝑓𝑎𝑠𝑡
→       𝐴𝑔+ + + 𝐻2𝑂                (1) 312 
                           𝐴𝑔3𝑂𝐻
𝑜 + 𝑂2 + 3𝐻(𝑎𝑞)
+ ↔ 3𝐴𝑔(𝑎𝑞)
+ + 2𝐻2𝑂(𝑙) + 𝑂
∎                                         (2) 313 
This abiotic ROS generation is most likely the source of the NAg attack on the cell 314 
envelope components. Superoxide radical is capable of oxidative C-C bond cleaving 315 
via hydrogen atom removal (abstraction) from O-H or C-H bonds.47 This is consistent 316 
with the observed disintegration of saccharide groups, those composing the glycan 317 
strands in PGN as well as the glycolipid and D-acetylglucosamine side branch of LTA. 318 
The C-C bond targeting could also be a factor in the detected disordered states of the 319 
fatty acid tail of the phospholipid PE. The radical has also been shown to mediate acyl 320 
carbon cleaving,48 which is consistent with the observed damages on the PGN peptide 321 
chain and also possibly, the D-alanine side branch of LTA. The cell envelope targeting 322 
by NAg could also result from the activity of hydroxyl radical, which in fact, is the most 323 
chemically reactive oxygen radical.49 The radical can oxidize C=O of esters,50 referring 324 
to the nanoparticle attacks on those present in LTA, in its glycolipid (in the 1,2-diacyl-325 
sn-glycerol group) and D-alanine branch. OH can also damage amide bonds,51 herein 326 
seen with the peptide chain of PGN and the D-acetylglucosamine branch of LTA, as 327 
well as cleaving phosphate esters,52 like those found in the glycerophosphate unit of 328 
LTA and the phosphate head of PE. Further, hydroperoxyl radical could trigger 329 
oxidative chain reactions in polyunsaturated phospholipids, like PE.49 Such damage to 330 
the cell envelope structure could result in toxic silver species entering the bacteria. 331 
Studies have indeed observed accumulation of NAg particulates in the inner membrane 332 





Figure 5. Reactive oxygen radical generation by NAg. (A) EPR spectra of ROS generated 336 
by NAg (no cells). (B, C) Cellular ROS detected in NAg-treated model bacterium (B. subtilis, 5 337 
min exposure to the NAg MIC at 10 mg L-1 Ag.3 The samples were also treated with superoxide 338 
(O2
) and hydroxyl (OH) radical scavengers, SOD and DMTU, respectively. Also shown is the 339 
physiological cellular ROS levels in the cell-only samples (no silver). The spectra shown is a 340 
representative of three independent experiments. Refer to Figure S5 for the replicate spectra 341 
of this experiment. In (C), the EPR signal amplitude was normalised to that of the cell-only 342 
control. Each data point is the average of three biological replicates (experiments with 343 
independent bacterial inocula and different antimicrobial preparations) with error bars 344 
representing the maximum and minimum. A one-way ANOVA (followed by Dunnett’s posthoc) 345 
analysis was used to confirm the decrease of EPR signal in NAg-cell samples treated with the 346 
radical scavengers, with * and *** denoting p values of 0.0332 and 0.0002, respectively.     347 
 
 
The NAg targeting of the cell envelope components, in particular the phospholipid, 348 
is most likely one of the key causes for the increased cellular ROS levels seen in many 349 
bacterial studies, including by our team.3,5,13 These changes in the membrane 350 
constituents are consistent with the reported NAg-induced inhibition of the membrane-351 
bound respiratory chain enzymes, which has been hypothesized to cause electrons 352 
leaking into the cytoplasm, in turn, reducing cytoplasmic molecular oxygen (O2) to 353 
superoxide radicals.23,24,54,55 Herein, we observed the elevated generation of 354 
superoxide radical in the model bacterium upon exposure to NAg (at the minimum 355 
inhibitory concentration, MIC of 10 mg Ag L-1 for the Gram-positive B. subtilis).3 A ~3-356 
fold higher cellular ROS EPR signals were detected relative to the cell-only samples 357 
(without silver) (Fig 5B). The addition of the O2 radical scavenger enzyme, superoxide 358 
dismutase (SOD) reduced this ROS intensity by ~50% (Fig 5C), indicating that 359 
superoxide is one of the major oxygen radicals being generated in the NAg-treated 360 
cells. SOD catalyses the dismutation of superoxide radical to hydrogen peroxide 361 
(H2O2). In more detail, the enzyme catalyses an electron transfer from one O2 to 362 
another O2 (Reaction 3). The electron donor O2 becomes a molecular oxygen (O2), 363 
whilst the electron recipient O2 combines with two protons generating H2O2.29,56 In 364 
agreement, earlier studies have observed an increased expression of sodA gene that 365 
encodes a superoxide dismutase (MnSOD) subunit following exposure of the Gram-366 
negative E. coli to NAg, indicating an increased presence of cellular O2.57 Note that 367 
the basal ROS detected in the cell-only samples refers to the physiological oxygen 368 
radicals being produced during aerobic metabolism, which involves a successive 369 
single-electron reduction of molecular oxygen.29,58 370 
Apart from superoxide radical, our EPR studies also found presence of hydroxyl 371 
radical in the cells. A ~20% reduction in the cellular ROS signal intensity was detected 372 
when adding the OH scavenger dimethyl thiourea (DMTU) into the NAg exposure 373 
systems (Fig 5C). The hydroxyl radical generation is most likely to result from the attack 374 
of iron-sulfur clusters that are present in many enzymes by the O2 radical.58,59 These 375 
clusters, for example, are abundant in dehydratases, an enzyme family that has central 376 
roles in biosynthetic and catabolic pathways.60,61 The oxidative attack releases the 377 
Fenton-active ferrous ions (Fe2+) into the cytoplasm (Reaction 4 and 5), which react 378 
with cellular H2O2 to produce OH radical (Fenton reaction, Reaction 6).54,61,62  379 
 
 
O2 + O2 + 2H+  O2 + H2O2                                                                                                                            (3) 380 
[4Fe-4S]2+ + O2 + 2H+  [4Fe-4S]3+ + H2O2                                             (4) 381 
[4Fe-4S]3+  [3Fe-4S]+ + Fe2+                                         (5) 382 
H2O2 + Fe2+  OH + OH- + Fe3+                                                                                (6) 383 
Fe3+ + O2  Fe2+ + O2                                                                                              (7) 384 
The cellular H2O2 could derive from the dismutation of O2 by cellular SOD (Reaction 385 
3), as well as, from the iron-sulfur clusters attack by O2 (Reaction 4). Supporting the 386 
Fenton-associated OH generation, Hwang et al. (2008) did not detect any increase in 387 
the expression of katG gene in their E. coli-NAg exposure studies. The gene encodes 388 
catalase, an H2O2 detoxification enzyme that functions as a complementary or second 389 
tier antioxidant when there is a substantial presence of cellular H2O2, converting it to 390 
O2 and water.57 The work therefore indicates minimal presence of cellular H2O2, 391 
possibly feeding into the Fenton reaction. Further, other potential source for the Fenton-392 
active Fe2+, apart from release from the iron-sulfur clusters, is the Haber-Weiss 393 
reaction. In fact, the Fenton reaction is co-dependent with the latter, whereby ferric ions 394 
(Fe3+) are reduced by superoxide radical to generate Fe2+ (Reaction 7).56,58,59 This 395 
potential re-generation of Fe2+ could explain, at least in part, for the rapid OH 396 
production (detected within 5 min) in our NAg bacterial systems. Earlier bacterial 397 
studies with Ag(I) ions (supplied as AgNO3) reported a significant reduction in the 398 
cellular OH levels upon addition of an iron quencher.63 Ag(I) ions have been indicated 399 
to also target the iron-sulfur clusters, releasing the Fenton-active Fe2+.59     400 
Superoxide and hydroxyl radicals have been shown to damage intracellular 401 
molecules. Hydroxyl radical is well known for its lipid peroxidation activity, including on 402 
glycolipids and phospholipids.49 Initiated by the abstraction of an allylic hydrogen atom 403 
by the radical, the peroxidation chain reaction modifies lipids into lipid 404 
hydroperoxides.64 The OH radical also targets base pairing and sugar moieties in DNA 405 
and RNA.12 Amino acids in proteins are also prone to oxidative attacks by the radicals, 406 
in particular cysteine and methionine due to presence of the electron-rich sulfur atom 407 
in their side chains.9 As one-electron oxidants, OH and O2, for example, can oxidize 408 
the cysteine’s thiol (-SH) to thiyl radicals (RS) and the methionine’s sulfur atom (in 409 
 
 
thioether side chain) to sulfoxide. These covalent modifications can alter the protein 410 
structure and in turn, inactivating the proteins.9,65,66 This ROS targeting of biomolecules 411 
is clearly a factor in the rapid killing seen with the model bacterium, with over 90% cell 412 
death detected in just 1 h of the NAg MIC exposure.5 It is apparent that the elevated 413 
cellular ROS generation has overwhelmed the naturally present anti-oxidant 414 
mechanisms in the bacterium. The known presence of the superoxide dismutase 415 
enzyme in the cytoplasm,56 for example, seemed to be incapable to cope with the 416 
nanoparticle-induced O2 generation. Under normal condition, the ROS neutralizing 417 
enzyme and peptide molecules maintain the cellular redox state within a safe threshold, 418 
protecting the bacterium against oxygen radicals produced as by-products of aerobic 419 
metabolism.54 To the best of our knowledge however, no protein-based detoxification 420 
systems have been identified in bacteria for the hydroxyl radical,67 which is most likely 421 
also a factor in the observed rapid killing of the model bacterium. Other types of cellular 422 
reactive radicals that could also present in the NAg bacterial samples were the 423 
hydroperoxyl (HO2), a stronger oxidant than the superoxide,49 as well as peroxynitrite 424 
(ONOO-). The latter rapidly forms when O2 reacts with NO54,65 (note that ONOO- is 425 
also responsive to the CMH spin probing although at lesser interaction constant than 426 
O2 and OH). The reactive nitrogen species can modify the amino acid tyrosine to 427 






Scheme 2. Antibacterial mechanisms of NAg: The link between cell envelope 432 
targeting and generation of oxygen radicals. The work proposed an oxidative attack 433 
on the cell surface moieties – herein seen with the peptidoglycan, lipoteichoic acid as 434 
well as the membrane phospholipid, phosphatidylethanolamine, by reactive oxygen 435 
radicals, including those that are generated by the nanoparticle extracellularly, most 436 
likely during the leaching process. This intervenes with the activity of the membrane-437 
bound respiratory chain components, causing leakage of electrons into the 438 
cytoplasm.23,24,54,55 Molecular oxygen (O2), due to its reduction potential, can readily 439 
capture these electrons, generating the herein detected superoxide radical (O2) in the 440 
cells. The radical can destabilize iron-sulfur clusters in proteins, in turn, releasing the 441 
Fenton-active ferrous ions (Fe2+) into the cytoplasm that leads to the observed 442 
generation of hydroxyl radical (OH).54,59,61,62 These radicals inflict oxidative damages 443 
on lipids, proteins and nucleic acids,9,49,59 resulting in growth inhibition and cell death 444 
effects.3,5  445 
  446 
 
 
 CONCLUSIONS 447 
This study examined the mechanisms of NAg toxicity on bacteria. Using ATR-FTIR 448 
spectroscopy, we showed that the nanoparticle inflicts major structural changes in the 449 
cell envelope components. NAg disintegrates the peptidoglycan, lipoteichoic acid and 450 
phosphatidylethanolamine (phospholipid) structures by disrupting their peptide and 451 
lipid chains as well as saccharide and phosphate groups. This damage is consistent 452 
with oxidative attacks, which could be imposed by the reactive oxygen radicals herein 453 
detected upon contact of the nanoparticle with aqueous systems. The cell envelope 454 
targeting, especially on the membrane phospholipid, is likely to subsequently trigger 455 
the observed generation of lethal levels of oxygen radicals, including the superoxide 456 
(O2) and hydroxyl (OH) radicals, in the cells (Scheme 2). This study concluded that 457 
ROS generation could be both the cause and consequence of NAg toxicity, being 458 
closely associated with the cell envelope targeting. Similar future work can also explore 459 
the influence of the nanoparticle’s physicochemical characteristics – such as size, 460 
shape and presence of surface functional groups, as well as, equally important, the 461 
effects of silver-complexing and -precipitating agents – for example, the presence of 462 
halides (Cl-, Br-, I-), amino acids and proteins in the environment and human tissues. 463 
With the now widespread use of NAg, an in-depth understanding of its toxicity modes 464 
is vital not only for the better assessment of the environmental and human health 465 
impact of the nanoparticle, but also for the urgent elucidation of the resistance 466 
phenomena. Recent studies have indeed revealed the ability of bacteria, including 467 
pathogens, to adapt and in turn, reduce the efficacy of the nanoparticle. The knowledge 468 
of how bacteria develop defence responses to the toxicity will contribute to the efforts 469 
to overcome the resistance effects. 470 
EXPERIMENTAL SECTION 471 
NAg effects on the bacterial cell envelope. The studies were performed by 472 
exposing isolated cell envelope components, the peptidoglycan (from B. subtilis, code 473 
69554, Sigma-Aldrich), lipopolysaccharide (from E. coli 0111:B4, code L2630, Sigma-474 
Aldrich), lipoteichoic acid (from B. subtilis, code L3265, Sigma-Aldrich) and 475 
phosphatidylethanolamine (from E. coli, Auspep), to NAg (finely dispersed flame-476 
sprayed Ag, dTEM = ~2 nm, on inert 30 nm TiO2 support).4 Each cell envelope 477 
component (2.0 mg L-1) was exposed to NAg (0.12 mg Ag L-1 and 2.0 mg Ag L-1, 478 
 
 
representing the lower and higher exposure dosages at 1:0.06 and 1:1 mass ratios, 479 
respectively28) in water for 2 h at 37ºC under dark condition. The latter is to avoid the 480 
photocatalytic inactivation of the TiO2 support.4 Following exposure, the biomolecules 481 
were lyophilised for water removal. Untreated biomolecules and biomolecules 482 
incubated in water (no silver) were used as controls. The ATR-FTIR spectra (Nicolet 483 
6700) were acquired by performing 64 scans (with 4 cm-1 spectral resolution) for each 484 
sample. The spectra of only NAg were subtracted from those of the exposed cell 485 
envelope components.  486 
ROS generation studies. EPR enables detection of oxygen radicals based on 487 
the absorption of electromagnetic radiation by the unpaired electrons that are present 488 
in the free radicals when under magnetic field.69 The ROS-sensitive cyclic 489 
hydroxylamine 1-hydroxy3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH) was 490 
used as the spin probe. CMH reacts with the highest interaction constant with 491 
superoxide radical (O2). It is also responsive to hydroxyl radical (OH ), peroxynitrite 492 
(ONOO), as well as peroxyl radicals (e.g. HO2).20,21 The signal intensity is directly 493 
proportional to the ROS concentration in the sample.70 494 
The studies were carried out on: (1) The NAg-only system in the absence of cells 495 
for the detection of abiotically generated ROS, (2) the cell-only system, with no added 496 
silver, for physiological cellular ROS detection, and (3) the NAg-cell system for the 497 
nanoparticle-induced cellular ROS generation. For the NAg-only system, replicate 498 
samples were prepared by aseptically adding pre-weighed NAg into 55 mL Luria 499 
Bertani (LB) culture medium (10 mg L-1 NAg). To prepare the cell inoculum, a single 500 
colony of Bacillus subtilis was cultured overnight at 30C, 220 rpm in LB broth. A 501 
volume of 1-3 mL of the overnight culture was then transferred into 50 mL fresh LB 502 
broth for a further 0.5-1 h culturing (conditioning) at 37C, 280 rpm. For the cell-only 503 
system, replicate samples were prepared by aseptically adding 5 mL of the bacterial 504 
inoculum into 50 mL LB broth (OD600 bacteria initial = 0.04, corresponding to ~2 x 107 505 
cfu mL-1). For the NAg-cell systems, replicate samples were prepared by aseptically 506 
adding pre-weighed NAg into 55 mL of the bacterial culture (5 mL inoculum and 50 mL 507 
broth, initial bacteria OD 0.04). Note that the NAg concentration was also 10 mg L-1, 508 
the minimum inhibitory concentration of NAg on B. subtilis.3,5 All systems were 509 
incubated for 5 min, at 37C, 280 rpm in the dark. The NAg-cell samples were subjected 510 
 
 
to a two-step centrifugation procedure, to first remove the particulates (500 rpm, 5 min, 511 
21ºC), then at 5000g, 10 min, 21ºC for sedimentation of cells and subsequent culture 512 
medium removal. The cell-only system was subjected to the second centrifugation step 513 
only. The NAg-only system was subjected to the first centrifugation step only. 514 
The samples were immediately treated with the spin probe for ROS EPR analysis, 515 
as follows. Cell pellets were suspended in 1 mL ice cold EPR-Krebs HEPES buffer (pH 516 
7.4, Noxygen Science Transfer & Diagnostics GmbH), into which CMH stock (in EPR-517 
Krebs HEPES buffer) was added  to a final concentration of 200 µM and reacted for 15 518 
min at room temperature. For the NAg-only system, the spin probe was added into 1 519 
mL of the supernatant. Aliquots of 50 µl from each system were loaded into Bruker 520 
EMX X-Band EPR spectrometer, the spectra were collected with the following settings: 521 
Magnetic field-center field 3505 G, sweep width 200 G, sweep time 30 s, sample g-522 
factor 2, signal channel-receiver gain 30 dB, mod. Amp 1 G, number of scans 4, offset 523 
0%; microwave-attenuation 20 dB, power 2 mW. digital filter-mode auto, number of 524 
points 10. The resulting spectra were recorded using Xenon software (Bruker). To 525 
validate for the generation of O2 and OH radicals in the systems, superoxide 526 
dismutase (SOD, an O2 scavenger, Sigma Aldrich) and dimethyl thiourea (DMTU, an 527 
OH scavenger, Sigma Aldrich) were independently added to the NAg-cell systems at 528 
a final concentration of 400 U and 20 mM, respectively, followed by 15 min reaction 529 
time at room temperature. The spin probe CMH was then added, as described earlier. 530 
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